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The objective of this study was to investigate effects of biomass constituents (cellulose, hemicellulose and 
lignin) on biomass thermal decomposition and gas evolution profiles of four biomass materials. Switch- 
grass, wheat straw, eastern redcedar and dry distilled grains with solubles (DDGS) were selected as the 
biomass materials. No significant difference was observed in the weight loss profiles of switchgrass, 
wheat straw and eastern redcedar even though their cellulose, hemicellulose and lignin contents were 
considerably different. The weight loss kinetic parameters were also not significantly different except 
for activation energy of the eastern redcedar. However, biomass composition did significantly affect 
gas evolution profiles. The higher contents of cellulose and hemicellulose in switchgrass and wheat straw 
may have resulted in their higher CO and C0 2 concentrations as compared to eastern redcedar. On the 
other hand, higher lignin content in eastern redcedar may have resulted in significantly its high CH 4 
concentration. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

The rapid increase in fossil fuels consumption coupled with 
concerns over fossil fuel reserves have motivated exploration of 
sustainable energy sources (Hill et al., 2006). Biomass is considered 
as one of the potential sustainable energy sources and its utilization 
is gaining increased momentum because of its wide availability and 
environmentally-friendly nature (Tilman et al., 2006). Various tech¬ 
nologies have been developed over the years to convert biomass 
into other more valuable forms of energy. Thermochemical conver¬ 
sion technologies, such as gasification and pyrolysis, hold promise 
because these are flexibility in accepting a wide range of feedstocks 
and also producing a wide range of products with high efficiencies 
(Bridgwater, 2006). During thermochemical processes, heat is ap¬ 
plied to break the biomass into desirable products. The efficiency 
of thermochemical conversions depend on many factors such as 
feedstock properties, reactor design and reaction conditions (Lett- 
ner et al., 2007). Extensive research has been conducted to under¬ 
stand the effects of operating parameters such as temperature, 
heating rate and residence time on products during the thermo¬ 
chemical conversions (Demirbas, 2001, 2004; Goyal et al., 2008; 
Kumar et al., 2009). Different reactor configurations have evolved 
to enhance the process efficiency by improving heat and mass 
transfers within the reactor (Meier and Faix, 1999). Researchers 
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have also studied the effect of physical properties, such as particle 
size and shape, on products of thermochemical conversion (Bridg¬ 
water, 1999; Goyal et al., 2008; Ryu et al., 2006). However, studies 
on the effect of major biomass components, such as cellulose, hemi¬ 
cellulose and lignin on gaseous products from thermochemical con¬ 
version are limited in literature. Biomass such as energy crops, 
agricultural residues, and woody materials have widely been used 
as feedstocks for gasification and pyrolysis. The biomass feedstocks 
contain different amounts of cellulose, hemicellulose and lignin. 
Their polymer structure and length, and their cross-linkage vary 
substantially, resulting in different thermal decomposition charac¬ 
teristics and products during gasification and pyrolysis. For biore¬ 
fineries to be feedstock flexible, understanding the effects of the 
major biomass components, cellulose, hemicellulose and lignin, 
on thermal decomposition of biomass and resulting products is 
crucial. 

Typically, cellulose, hemicellulose and lignin constitute about 
85-90% of lignocellulosic biomass; organic extractives and inor¬ 
ganic minerals constitute the rest. Cellulose is the major structural 
polymer of a plant cell wall and usually exists as long thread like fi¬ 
bers called microfibrils. It is a linear polysaccharide consisting of 
monomeric units of anhydro-D-glucose units with a p-(l -> 4)-link- 
age (Mohan et al., 2006; Perez et al., 2002). This nature of bonding 
allows the microfibril structure to develop strong inter-molecular 
and intra-molecular hydrogen bonding (Keshwani, 2010). Microfi¬ 
brils are usually embedded on a matrix that contains hemicellulose 
and lignin. Hemicellulose is a branched polysaccharide comprised 
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of different sugar monomers such as glucose, xylose, mannose, gal¬ 
actose and arabinose and uronic acids (Bidlack et al., 1992; Perez 
et al., 2002). Unlike cellulose, they do not form microfibrils. But, 
they can form hydrogen bonds with the cellulose and lignin and 
hence they are referred as “cross linking glucans.” Lignin is the 
cementing material that provides elasticity and mechanical 
strength to the wood (McGinnis and Shafizadeh, 1980). It is a phe¬ 
nolic macromolecule with a high degree of cross linking between 
the phenylpropane units. This cross linking makes lignin more ther¬ 
mally stable than hemicellulose (Ramiah, 1970). The difference in 
reactivity of biomass due to the variations in chemical composition 
must be better understood so that process can be optimized to ob¬ 
tain fuels and chemicals with high selectivity and efficiency (Carrier 
et al., 2011). 

The chemical composition and nature of the biomass polymers 
differ significantly with biomass types. On a dry basis, softwoods 
contain 40-50% wt. cellulose, 25-35% wt. hemicellulose and 16- 
33% wt. lignin (Mohan et al., 2006). Softwoods contain more lignin 
but less hemicellulose as compared to agricultural residues or her¬ 
baceous crops. Agricultural residues, such as corn stover, consist of 
33-35% wt. cellulose, 21-24% wt. hemicellulose and 17-22% wt. 
lignin (Johnson et al., 1994). Herbaceous crops, such as switch- 
grass, contain much higher cellulose (38-40% wt.) and lower lignin 
content (15-19% wt.) than those in softwoods (Jefferson et al., 
2004). Harvesting technique and biomass storage also affects bio¬ 
mass composition (Johnson et al., 1994; Mulkey and Lee, 2006). 
To utilize the biomass feedstocks with wide variability in composi¬ 
tion, it is imperative that effects of the primary constituents, i.e. 
cellulose, hemicellulose and lignin, on the thermochemical process 
and their contribution in resulted products be better understood. 

Thermogravimetric analysis (TGA) is a widely used technique to 
obtain precise weight loss profile during biomass thermal decom¬ 
position (Evans and Milne, 1987; Ghetti et al., 1996; Kumar et al., 
2008; Mani et al., 2010). Fourier Transform Infrared Spectrometry 
(FTIR) and Mass Spectrometry (MS) are two well-known tech¬ 
niques for online gas analysis (Xie and Pan, 2001). In this study, 
TGA was used to study weight loss characteristics and FTIR-MS 
were used for online gas analysis. Raveendran et al. (1996) studied 
the thermal degradation properties of rice husk, rice straw and 
corn stock. Pyrolysis kinetic characteristics of olive residue and su¬ 
gar cane bagasse were investigated using thermogravimetric tech¬ 
nique by Ounas et al. (2011). However, there is limited information 
available on how different biomass components contribute to 
weight-loss profiles and product gas evolution profiles during ther¬ 
mochemical conversion processes. The present study specifically 
focuses on comparing and contrasting biomass based on their com¬ 
positions and analyzing their effects on weight-loss and product 
evolution patterns during thermochemical conversions. 


2. Methods 

2.1. Materials 

Switchgrass (SG), wheat straw (WS), eastern redcedar (ER) and 
dried distilled grains with solubles (DDGS) were the biomass feed¬ 
stocks used in this study. Four biomass types were represented by 
these feedstocks. Switchgrass is an herbaceous crop, wheat straw is 
an agricultural residue, eastern redcedar is a woody biomass and 
DDGS is a byproduct from corn dry milling ethanol production pro¬ 
cess. For compositional analysis and weight-loss study, all biomass 
were ground to pass through a 2 mm screen in a Thomas-Willey 
mill (Arthur H. Thomas Co., Philadelphia). The small particle size 
was needed to reduce heat and mass transfer limitations during 
their thermal decompositions. Avicel PH 105 Cellulose (FMC Bio¬ 
polymer, Philadelphia), beech wood xylan (Sigma Aldrich, St. Louis) 


and alkalies lignin (Sigma Aldrich, St. Louis) were used as models of 
cellulose, hemicellulose and lignin, respectively. Ultimate analyses 
for all biomass and model components, shown in Table 1, were 
performed by Midwest Microlab, LLC (Indianapolis, IN). 

2.2. Determination of chemical composition of biomass 

For compositional analysis, biomass sample was sieved through 
+60/+400 (250 pm/38 pm sieve openings) sieve plates on a hori¬ 
zontal sieve shaker according to National Renewable Energy Labo¬ 
ratory (NREL) procedures (Hames et al., 2008). About 200 g of the 
sample was loaded into the sieve. More than 95% of the biomass 
was retained on +60 sieve plate. Biomass retained on this plate 
was used for extraction and compositional analysis. Water and eth¬ 
anol extraction of biomass was carried using an accelerated solvent 
extractor (ASE) (Model 300, Dionex Corporation, Sunnyvale, CA) to 
remove the non-structural material using NREL protocols (Sluiter 
et al., 2008c). The weight of extractives was recorded after air 
drying. 

Following extraction, the residual material was analyzed for 
structural carbohydrates, lignin, acetyl content and ash content 
using the two step acid hydrolysis procedure developed by NREL 
(Sluiter et al., 2008b,a). For ash analysis and determination of acid 
insoluble lignin (AIL), a muffle furnace (Fisher Scientific, Dubuque, 
IA) was used. Structural carbohydrates were analyzed using a HPLC 
(Model 1100, Agilent Technologies, Santa Clara, CA) connected to a 
refractive index detector (RID) with an Bio-Rad Aminex HPX-87P 
column (Bio-Rad, Sunnyvale, CA). Deionized water was used as 
an eluent at a flow rate of 0.6 ml/min. The column was maintained 
at 85 °C. The total run time using this column was 30 min. The 
HPLC with Chemstation software (Agilent Technologies) was cali¬ 
brated at five levels using known concentrations of compounds be¬ 
fore being used to quantitate the concentration of compounds. 
Acid soluble lignin (ASL) content of biomass was determined using 
a UV-vis spectrophotometer (Cary 50 Bio, Varian Inc., Palo Alto, CA, 
USA) at a wavelength of 205 nm and an extinction coefficient of 
1101/g-cm. The chemical compositions of switchgrass, wheat 
straw, eastern redcedar and DDGS, determine using above proce¬ 
dure, are shown in Table 2. 

2.3. Experimental setup 

A thermogravimetric analyzer (Versa Therm, ThermoFischer 
Scientific, MA, USA) was used for studying the biomass thermal 
decomposition. The initial weight of biomass used in the study 
was 50 ± 0.5 mg. Argon was used as non-oxidizing agent with a 
flow rate of 60 ml/min. The temperature range for decomposition 
was 25-1000 °C with a ramping rate of 80 °C min -1 . Fourier Trans¬ 
form Infrared Spectrometry (Nicolet 6700, ThermoFischer Scien¬ 
tific, USA) and Mass Spectrophotometer (Agilent 7890A, Agilent 
Technologies) were used for online gas analysis. FTIR was con¬ 
nected to the TGA through a transfer line that was maintained at 
300 °C to avoid condensation of volatiles. To avoid the entry of vol¬ 
atiles into the MS, a cold trap was set up using ethanol and ice be¬ 
tween FTIR and MS. FTIR was calibrated to quantitate CO,C0 2 and 
CH 4 ; whereas, MS was calibrated to quantitate the argon gas. 

2.4. Determination of reaction kinetics parameters 

Several approaches have been reported to determine the kinetic 
parameters such as activation energy, pre-exponential factor and 
order of the reaction for biomass decomposition. Since thermo¬ 
chemical processes involve many complex reactions, no single 
model can adequately represent the reaction kinetics of a variety 
of biomass (Biagini et al., 2006). The kinetic model used in this study 
is based on the Arrhenius equation. This model was successfully 
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Table 1 

Ultimate analysis (% wt. on dry basis) data of the selected biomass and model components. 


Elements 

Switchgrass 

Wheat straw 

Eastern redcedar 

DDGS 

Cellulose 

Xylan 

Lignin 

Carbon 

46.62 

43.2 

51.07 

49 

42.96 

43.25 

57.7 

Hydrogen 

5.74 

5.0 

5.97 

6.3 

6.3 

6.2 

4.38 

Oxygen 

42.27 

39.4 

40.95 

33.6 

50.74 

49.9 

34 

Nitrogen 

0.18 

0.61 

0.37 

4.5 

0.0 

0.0 

0.11 

Sulfur 

0.3 

0.11 

0.0 

0.4 

0.0 

0.0 

3.22 


Table 2 

Chemical composition of switchgrass, wheat straw, eastern redcedar and DDGS. 

Composition (%dry) 

Switchgrass 

Wheat straw 

Eastern Redcedar 

DDGS (Kim et al., 2008) 

Glucan 

38.46 ± 0.69 b 

39.18 ± 2.01 AB 

40.30 ±1.50 a 

16.00 ± 0.10 C 

Xylan 

26.34 ± 0.54 a 

24.62 ±1.36 b 

8.50 ± 0.04 c 

8.20 ± 0.07 c 

Galactan 

1.16 ± 0.18 b 

0 ± 0 B C 

2.00 ± 0.60 a 

0±0 C 

Arabinan 

3.41 ±0.32 b 

1.68 ± 0.25 c 

1.40 ± 1.00 c 

5.30 ± 0.02 a 

Mannan 

0.13 ±0.22 b 

0±0 C 

6.00 ± 1.20 a 

0 ± 0 B 

Lignin 

21.40 ±0.24 b 

17.17 ±0.46 c 

35.90 ± 0.70 a 

0±0 D 

Ash 

1.91 ±0.10 B 

2.12 ± 0.87 b 

0.30 ± 0.00 c 

4.50 ± 0.07 a 


Values listed are average of six replicates ± standard deviation. Values in the same row and with the same letter are not statistically different at 95% confidence interval. 


used by Kumar et al. (2008) for corn stover, Chouchene et al. (2010) 
for olive waste and Mansaray and Ghaly (1999) for rice husk. The 
weight-loss kinetic parameters were determined using the follow¬ 
ing rate equation. 


where n is the order of the reaction, and X is the weight of the sam¬ 
ple (mg).The reaction constant (k) based on Arrhenius equation can 
be written as, 


I< = Ae~ E/RT 


( 2 ) 


where n is the order of the reaction, A is the pre exponential factor 
(S -1 ), E is the activation energy (kj mol -1 ), T is the temperature (K) 
and R is the universal gas constant (mol -1 K -1 ).A multi-linear 
regression technique was applied on the linearized form of the 
Arrhenius equation to determine the reaction kinetic parameters. 
The simplified rate equation is shown below. 

Y = a + bx + cx 


where, 


Y = ln 


1 


dw 


Wf - Wj dt 


,x = -,z= In 

T 


W -Wf 
Wj - Wf 


a = ln(A),b= (~^j,c = n 

w is the sample weight at time t (mg), w* s the initial sample weight 
(mg), Wf is the residual sample weight (mg). 


2.5. Statistical analysis 


Analysis of variance for weight loss profiles was performed 
using repeated measures design in SAS Release 9.2 (SAS, Cary, 
NC, USA). Since weight loss and gas absorbance were measured 
over a range of temperature, temperature was considered as a fac¬ 
tor in the treatment structure. A repeated measure analysis al¬ 
lowed finding the main effects of biomass type and temperature, 
and an interaction effect between biomass type and temperature. 
To analyze the effect of biomass type on gas evolution, post hoc 
analysis was performed by comparing the means of gas absorbance 
for different biomass types using Fisher’s Least Significant Differ¬ 
ence (LSD) at a = 0.05 and GLM procedure. 


3. Results and discussion 

3A. Weight loss characteristics of selected biomass 

The weight loss profile provided the instantaneous biomass 
weight at specific temperatures as biomass temperature was in¬ 
creased. Weight loss profiles for various biomass tested over tem¬ 
perature are shown in Fig. la Although the switchgrass, wheat 
straw and eastern redcedar contained different percentages of cel¬ 
lulose, hemicellulose and lignin, there was no statistical difference 
in their weight loss profiles (p = 0.9997). However, as expected, 
there was a significant effect of temperature (p< 0.0001) on the 
weight-loss profile due to the thermal decomposition of the sam¬ 
ples. No interaction between temperature and biomass type was 
observed. The weight loss profiles obtained in this study are con¬ 
sistent similar study done on bamboo, corn cobs, corn stalk and 
coconut shell (Chen and Kuo, 2010; Zabaniotou et al., 2008). 

Thermal decomposition of biomass occurred in three stages. 
First stage of the decomposition occurred in the temperature range 
of 25-125 °C and corresponded to the moisture evaporation. Sec¬ 
ond stage of the decomposition contributed to a major weight loss 
(60-70% wt.) in the temperature range of 200-400 °C. The major 
weight loss stage was due to the decomposition of primarily cellu¬ 
lose and hemicellulose in the biomass (Jeguirim and Trouve, 2009). 
This was further confirmed by comparing with weight loss profiles 



Fig. la. Weight loss profiles of switchgrass, wheat straw, eastern redcedar and 
DDGS. Each trend is an average of two replicates. Statistical analysis showed no 
difference between the weight loss profiles for the four different biomass types. 
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of model components, cellulose and hemicellulose (Fig. lb). The 
figure shows that major portions of these two polysaccharides 
decomposed in the temperature range of 200-400 °C. Approxi¬ 
mately 65-70% weight loss of switchgrass, wheat straw and redc- 
edar occurred in this stage. The final stage of the decomposition 
occurred in the temperature range of 400-800 °C accounting for 
the remaining weight loss (approximately 10-12% wt.) in the sam¬ 
ple weight. 

Unlike biomass materials, model components (cellulose, hemi¬ 
cellulose and lignin) resulted in statistically different weight loss 
profiles (p < 0.0001) as shown in the (Fig. lb). A interaction effect 
between model components and temperature was also significant 
(p = 0.0057). Cellulose and hemicellulose had approximately 90% 
(wt.) and 70% (wt.) weight loss within narrow temperature ranges 
of 250-360 °C and 200-280 °C, respectively. On the other hand, lig¬ 
nin had a total of only 60% weight loss. Interestingly, even though 
redcedar had higher lignin content, its total weight loss at the end 
of decomposition was comparable with switchgrass and wheat 
straw. Higher than expected weight loss (conversion) could be 
due to the catalytic effects of char and ash generated from decom¬ 
positions of cellulose and hemicellulose in eastern redcedar. 

The weight loss rates of switchgrass, wheat straw and redcedar 
were also no different, except of an additional shoulder peak in 
switchgrass weight loss rate (Fig. 2). The shoulder peak may be a 
result of decomposition of side chains and the separation of glyco- 
sidic bonds from the xylan structure in switchgrass (Shafizadeh 
et al., 1972). The weight loss and rate of weight loss of DDGS were 
significantly different from those of other biomass. Unlike other 
biomass studied in this project, DDGS is rich in crude protein 
(30% wt) because it is a byproduct of corn ethanol fermentation. 
The major weight loss of DDGS was in the temperature range of 
200-350 °C. This may be due to the protein and glucan degradation 
(Wang et al., 2009). In addition, the rate of weight loss of DDGS was 
much lower as compared to that of switchgrass, wheat straw and 
eastern redcedar. The rate of weight loss profile for DDGS shows 
a considerable shift in pattern due to the presence of proteins. This 
data is also supported from a study by Maddi et al. (2011), which 
showed that maximum rate of weight loss for proteins occur close 
to 300 °C. 


were consistent with the values reported by Jeguirim and Trouve 
(2009), Lewellen et al. (1977) and Nada and Hassan (2000). The ki¬ 
netic parameters obtained for hemicellulose and lignin decomposi¬ 
tion were also consistent with those reported by Jeguirim and 
Trouve (2009), Murugan et al. (2008), Pasquali and Herrera 
(1997) and Ramiah (1970). The variation in activation energies of 
the model components (cellulose, hemicellulose and lignin) may 
be attributed to their different chemical structures. Hemicellulose 
was thermally less stable than cellulose and lignin because of its 
amorphous nature (Beall and Eickner, 1970). Cellulose required 
higher activation energy than hemicellulose because of its strong 
inter-molecular and intra-molecular hydrogen bonding. On the 
other hand, thermal stability of lignin varied because lignin has a 
complex structure with many oxygenated functional groups, and 
the scission of the associated bonds can occur in different temper¬ 
ature ranges (Skreiberg et al., 2011). In the temperature range of 
200-400 °C, the scission of weak oxygenated bonds may have re¬ 
quired low activation energy. 

The temperature range for the weight loss of switchgrass, wheat 
straw and redcedar were 200-400 °C, while that for the DDGS was 
150-500 °C. Switchgrass, wheat straw, eastern redcedar and DDGS 
decomposed with activation energy of 103.7, 100.67, 90.16 and 
31.686 kj/mol, respectively. Interestingly, although the weight loss 
kinetic parameters of cellulose, hemicellulose and lignin were 
found to be different, no significant differences were observed be¬ 
tween the weight loss kinetic parameters of the switchgrass, wheat 
straw and eastern redcedar (Table 3). Only exception was the acti¬ 
vation energy of eastern redcedar, which was lower than that of 
switchgrass and wheat straw possibly because of its high lignin 
content. Compared to switchgrass, wheat straw and redcedar, 
much less activation energy was required for DDGS decomposition. 
The activation energy and pre exponential factor of DDGS obtained 
in this study were consistent with values reported by Wang et al. 
(2009). Since, reaction kinetics play a vital role in the design opti¬ 
mization of thermochemical units such as pyrolyzers and gasifiers, 
this information is beneficial from a design perspective, because 
changing lignocellulosic feedstocks did not show much effect on 
thermal devolatilization kinetics. 


3.2. Weight loss kinetics of selected biomass materials 

The weight loss kinetic parameters, i.e. activation energy (E), 
pre exponential factor (A), and order of the reaction (n), for the se¬ 
lected biomass and model components are shown in Table 3. The 
activation energies for weight loss of cellulose, hemicellulose and 
lignin were 135.21, 118.54 and 67.62 kj/mol, respectively. Activa¬ 
tion energy and pre-exponential factor for cellulose in this study 



Temperature (°C) 


Fig. lb. Weight loss profiles of cellulose, xylan and lignin. Each trend is an average 
of two replicates. Statistical analysis showed significant difference between the 
weight loss profiles of the three biomass model compounds. 


3.3. Gas evolution profiles 

C0 2 , CO and CH 4 evolution profiles from switchgrass, wheat 
straw and eastern redcedar thermal decompositions are shown in 
the Figs. 3-5, respectively. The x-axis shows the temperature of 
the sample, and y-axis shows the absorbance of gases at the spe¬ 
cific wavelengths. Due to the linear relationship between absor¬ 
bance and gas concentration according to the Beer-Lambert’s 
law, absorbance was used to compare gas evolution profiles in this 
study. Although the weight loss profiles and kinetic parameters of 
switchgrass, wheat straw and eastern redcedar were similar, 
noticeable differences in the concentrations of evolved C0 2 , CO 
and CH 4 were observed. The peaks for maximum concentrations 
of C0 2 , CO and CH 4 were in the temperature range of 500- 
600 °C. Switchgrass and wheat straw resulted in significantly high¬ 
er CO, C0 2 , but lower CH 4 concentrations as compared to those 
from eastern redcedar. Generally, cleavage of carbonyl groups from 
cellulose and hemicellulose degradation results in CO and C0 2 pro¬ 
duction (Yang et al., 2007). Cellulose may also have produced high¬ 
er CO due to secondary reactions of primary volatiles and scission 
of aldehyde groups (R-CHO) (Fu et al., 2010). On the other hand, 
lignin decomposition has been correlated with methane formation 
due to cracking of methoxy groups of lignin molecule (Yang et al., 
2007; Liu et al., 2008). Thus, as compared to switchgrass and wheat 
straw, higher lignin content in eastern redcedar may have resulted 
in significantly higher methane concentration in the evolved gas. 
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Fig. 2. Rate of weight loss profiles of switchgrass, wheat straw, eastern redcedar and DDGS. Each trend is an average of two replicates. 


Table 3 

Weight-loss kinetic parameters of the selected biomass and model components. 


Sample 

T (°C) 

E (kj mol 1 ) 

A x 10 5 (S” 1 ) 

n 

R 2 

Switchgrass 

200-390 

103.70 c 

1063 b 

0.67 b 

0.99 

Wheat straw 

200-390 

100.67 c 

1915 b 

0.68 b 

0.99 

Eastern redcedar 

200-400 

90.16° 

1775 b 

0.68 b 

0.98 

DDGS 

150-500 

31.67 f 

0.0049° 

0.45° 

0.92 

Cellulose 

250-360 

135.21 a 

3020000 a 

0.77 a 

0.97 

Xylan 

200-280 

1 18.54 b 

3025000 a 

0.47 c, ° 

0.97 

Lignin 

200-340 

67.62 e 

4.04 c 

0.50 c 

0.96 


Values listed are average of two replicates. Values in the same column with the 
same letter are not statistically significant at 95% confidence interval. A log trans¬ 
formation of data was performed on the values of A prior to performing post hoc 
statistical analysis using Fisher’s LSD test. 


-Wheat straw 


/ 



Temperature (°C) 


Fig. 3. Evolved C0 2 as a function of temperature during switchgrass, wheat straw 
and eastern redcedar decomposition. Each trend is an average of two replicates. 
Effect of biomass type on C0 2 concentration was significant (p = 0.0003). Fisher’s 
LSD test on maximum concentrations of C02 released from different biomass 
showed significant differences between them, at 95% confidence interval. 


4.5 



Temperature (°C) 


Fig. 4. Evolved CO as a function of temperature during switchgrass, wheat straw 
and eastern redcedar decomposition. Each trend is an average of two replicates. 
Effect of biomass type on CO concentration was significant (p < 0.0001). Fisher’s LSD 
test on maximum concentrations of CO released from different biomass showed 
significant differences between them, at 95% confidence interval. 


3.4. Carbon conversion efficiency 

The carbon conversion efficiency is defined as the ratio of car¬ 
bon available in gaseous and liquid products to the total amount 
of carbon available in biomass (Lv et al., 2004). The amount of car¬ 
bon available in tar was not taken into account for calculating the 
carbon conversion efficiency. Among the biomass model compo¬ 
nents, cellulose showed the highest conversion efficiency of 99% 
followed by xylan of 92%. Lignin showed the lowest conversion 
efficiency of 52%. The conversion efficiencies of model compounds 
were in good agreement with the values reported by Hanaoka et al. 
(2005). Among the biomass materials, switchgrass and wheat 
straw showed highest carbon conversion efficiencies of 94% and 
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- Wheat straw 

1 



Temperature (°C) 


Fig. 5. Evolved CH 4 as a function of temperature during switchgrass, wheat straw 
and redcedar decomposition. Each trend is an average of two replicates. Effect of 
biomass type on CH 4 concentration was significant (p = 0.0003). Fisher’s LSD test 
showed that maximum CH 4 concentration of released from eastern redcedar was 
significant higher than that from wheat straw and switchgrass, at 95% confidence 
interval. 


95%, respectively, while both eastern redcedar and DDGS showed a 
conversion efficiency of 77%. High lignin content in eastern redce¬ 
dar and high protein content in DDGS may have reduced the car¬ 
bon conversion efficiency of these substrates significantly. 

4. Conclusions 

The weight loss profiles of switchgrass, wheat straw and eastern 
redcedar were not significantly different even though their cellu¬ 
lose, hemicellulose and lignin contents were considerably differ¬ 
ent. The kinetic parameters associated with their weight loss 
were also not significantly different, except for lower activation en¬ 
ergy of eastern redcedar. However, biomass composition signifi¬ 
cantly influenced the concentrations of evolved CO, C0 2 and CH 4 . 
The CO and C0 2 concentrations from switchgrass and wheat straw 
were higher than those from eastern redcedar and DDGS. On the 
other hand, high lignin content in eastern redcedar may have re¬ 
sulted in its significant high CH 4 concentration. 
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